Classical galactosemia is an autosomal recessive disorder resulting from deficient galactose-1-phosphateuridyl transferase (GALT) activity. Verbal dyspraxia is an unusual outcome in galactosemia. Here we validated a simplified breath test of total body galactose oxidation against genotype and evaluated five potential biochemical risk indicators for verbal dyspraxia in galactosemia: cumulative percentage dose (CUMPCD) of 13 CO 2 in breath, mean erythrocyte galactose-1-phosphate, highest erythrocyte galactose-1-phosphate, mean urinary galactitol, and erythrocyte GALT activity. Thirteen controls and 42 patients with galactosemia took a 13 C-galactose bolus, and the (CUMPCD) of 13 CO 2 in expired air was determined. Patients with Ͻ5% CUMPCD had mutant alleles that severely impaired human GALT enzyme catalysis. Patients with Ն5% CUMPCD had milder mutant human GALT alleles. Twenty-four patients consented to formal speech evaluation; 15 (63%) had verbal dyspraxia. Dyspraxic patients had significantly lower CUMPCD values (2.84 Ϯ 5.76% versus 11.51 Ϯ 7.67%; p Ͻ 0.008) and significantly higher mean erythrocyte galactose-1-phosphate (3.38 Ϯ 0.922 mg/dL versus 1.92 Ϯ 1.28 mg/dL; p ϭ 0.019) and mean urinary galactitol concentrations (192.4 Ϯ 75.8 mmol/mol creatinine versus 122.0 Ϯ 56.4; p ϭ 0.048) than patients with normal speech. CUMPCD values Ͻ5%, mean erythrocyte galactose-1-phosphate levels Ͼ2.7 mg/dL, and mean urinary galactitol levels Ͼ135 mmol/mol creatinine were associated with dyspraxic outcome with odds ratios of 21, 13, and 5, respectively. We conclude that total body oxidation of galactose to CO 2 in expired air reflects genotype and that this breath test is a sensitive predictor of verbal dyspraxia in patients with galactosemia. Classical galactosemia is an autosomal recessive disorder resulting from deficient human galactose-1-phosphate uridyl transferase (hGALT) (1, 2). Currently, Ͼ180 mutations produce Ͻ1% of hGALT activity when present as homozygous or compound heterozygous mutant genotypes (3-5). Newborns with galactosemia exhibit elevated concentrations of erythrocyte galactose-1-phosphate and excess galactitol in the urine. If newborn screening, retrieval, diagnosis, and removal of galactose from the diet occur before 5-7 d of life, then the neonatal signs of hepatotoxicity, jaundice, anorexia, and diarrhea are prevented or resolve (6, 7). However, infants who have classical galactosemia and are treated continue to have elevated erythrocyte galactose-1-phosphate and urinary galactitol concentrations after initiation of a galactose-restricted diet. These compounds remain elevated throughout the life of the patient; are indicators of the environment (compliance), genotype, epigenetic phenomenon (8 -10); and are implicated in the enigmatic outcomes in galactosemia (7, 8, 10 -13).
levels Ͼ3.28 mg/dL and homozygosity for the Q188R allele in hGALT increased the probability for a dyspraxic outcome (10) .
Because hGALT activity in peripheral erythrocytes may not indicate hGALT activity in other organs, we developed an oral 2-h breath test that measures the percentage of labeled 13 C-Dgalactose to 13 CO 2 in expired air (16) . We stratified patients with "classic" galactosemia into two categories of impaired total body galactose oxidation, Ͻ5% and Ն5% cumulative percentage dose (CUMPCD) recovered at 120 min. Some mutant alleles that reduced erythrocyte hGALT catalysis were associated with very low total body oxidation, whereas others had near-normal oxidation of galactose to expired CO 2 . For example, individuals with an S135L allele had Ͻ1% of hGALT activity in anucleated red blood cells but oxidized galactose to CO 2 at rates similar to normal individuals (17) (18) (19) . The Q188R and K285N alleles, however, impaired both enzyme catalysis and the CUMPCD to Ͻ1% of controls (3, 17, 19) . Previously, we found that, of nine women studied, all seven with Ͻ5% CUMPCD had premature ovarian failure, whereas those with Ͼ5% galactose oxidation had normal ovarian function (20) .
In this prospective study, we validated a simplified test of total body 13 C-D-galactose oxidation from an oral bolus to 13 CO 2 in expired air (the "breath test") against mutant hGALT alleles of known severity. We then compared this breath test against four other biochemical parameters as potential risk indicators for verbal dyspraxia. We eliminated erythrocyte hGALT activity and highest galactose-1-phosphate concentrations as potential risk indicators and quantified the odds for developing dyspraxia associated with the breath test, mean erythrocyte galactose-1-phosphate concentrations, and mean urinary galactitol excretion.
METHODS
Study design and subjects. Fifty-five individuals participated in the evaluation of a simplified, noninvasive breath test. Subjects included 13 normal controls and 42 patients with galactosemia. Data on these subjects were used to quantify and standardize a simplified breath test at five time points: baseline and 90, 100, 110, and 120 min.
We used a case-control design to analyze the outcome, dyspraxia. Criteria for entry into the dyspraxia study included erythrocyte hGALT activity Ͻ3%, older than 2.5 years, completion of the breath test, and consent to a speech evaluation. Seven of the 42 patients were too young and as such were ineligible for the dyspraxia study. Of the remaining 35, eight patients were lost to follow-up and three refused. Twenty-four patients satisfied the eligibility criteria and consented to formal speech evaluation by a licensed speech therapist. Completed formal speech evaluations were obtained on all 24 patients. All protocols were approved by the Emory Institutional Review Board, and informed consent was obtained from each volunteer.
Determining total body oxidation of 13 C-D-galactose to 13 CO 2 (breath test). After a baseline breath collection, patients and control volunteers were administered an oral bolus of 7 mg of 1-C 13 -D-galactose per kilogram of body weight and breath was collected at 90, 100, 110, and 120 min. 13 C enrichment of CO 2 was measured in collected breath samples by automated, gas-isotope ratio, mass spectrometry as previously described (16, 17, 21) . Micromoles of expired 13 CO 2 per minute were determined from the estimated CO 2 production rate obtained from calculations using the Weir equation (22) based on a fasting respiratory quotient (RQ) of 0.80. From the estimated CO 2 production rate, the basal metabolic rate was obtained by the Schofield equation (23) . Using the calculated CO 2 production rate and the isotopic enrichment values, PCD recovered was calculated at each time point and a curve of PCD recovered was generated (21) . A CUMPCD recovered for each time period was then derived by integrating the area under the PCD curve using the trapezoidal method. The impact of the oral bolus of D-galactose in patients with galactosemia was determined by quantifying erythrocyte galactose-1-phosphate and urinary galactitol concentrations before and after D-galactose administration.
Apraxia Profile. Licensed speech pathologists administered the Apraxia Profile to 21 patients (24) . The Apraxia Profile tests the ability of the patient to complete numerous verbal tasks and includes an oral motor exam, a diadochokinesis test, word imitation, testing prosody with phrases and sentences, and a connected speech sample test that assesses volitional speech intelligibility (24) . Three patients were evaluated for dyspraxia by licensed speech pathologists through the Atlanta Area School System. A discontinuous assignment of dyspraxia present (affected) or absent (unaffected) was made. Two patients, classified as "affected," had dyspraxia in early childhood. They were treated with 6 -8 y of intensive speech therapy and subsequently had normal Apraxia Profiles at the time of this study.
Biochemical phenotyping and molecular genotyping. Biochemical phenotyping and molecular genotyping of hGALT were performed using previously described methods (5, 25) . Highest galactose-1-phosphate was defined as the highest reported concentration of galactose-1-phosphate in the peripheral blood cells and served as a proxy for clinical severity during the neonatal period. Mean erythrocyte galactose-1-phosphate was the average of the five most recent values obtained after therapeutic levels were achieved through dietary galactose restriction. Urinary galactitol concentrations were quantified using gas chromatography-mass spectrometry as previously described (9) . Mean urinary galactitol was defined as the average of the five most recent urinary galactitol concentrations measured simultaneously with other "risk factors." Data analysis. Mean CUMPCD values were compared among the dyspraxic and nondyspraxic groups using the t test. Reproducibility and stability over age were estimated using multiple breath tests on four normal subjects. We analyzed reproducibility with a nested, random effects analysis of variance. For evaluating the effect of age on the test, Spearman's correlation coefficients were calculated for percentage change in age and its relationship with percentage change in CUMPCD values at 120 min. Paired t tests assessed the impact of the oral bolus on the metabolite levels of patients with galactosemia. Significance among the means of the biochemical variables was determined with respect to the presence or absence of dyspraxic speech by Wilcoxon rank sum or ANOVA. Contin-397 VERBAL DYSPRAXIA AND GALACTOSEMIA uous biochemical variables were correlated using Pearson's correlations coefficients.
Exposure variables that differed significantly between patients with dyspraxic speech and patients with normal speech were evaluated for potential risk. The SAS SENSIT program was used to obtain sensitivities and specificities for the exposure variables. The cutoff point achieving the best balance of sensitivity and specificity as indicated by the highest correct score was used in regression modeling for risk. Logistic regression was used to obtain unadjusted and adjusted odds ratios (OR) and associated 95% confidence intervals for the exposure variables. Adjusted OR were obtained using a logistic regression model in which the outcome variable, verbal dyspraxia, was modeled separately against the exposure variable. We controlled for the following confounders: erythrocyte GALT activity, race, sex, and age at speech evaluation. GALT activity and age were continuous variables, whereas race and sex were discontinuous. Race was categorized as either white or other. All statistical analyses were performed using Microsoft Excel and SAS statistical software version 8.0 (SAS Institute Inc, Cary, NC, U.S.A.); p Ͻ 0.05 was considered significant (26) .
RESULTS
The CUMPD of 13 C-D-galactose recovered as 13 CO 2 was plotted for all 42 patients with galactosemia ( Fig. 1 ). An empiric cutoff that maximally discriminates for the presence of dyspraxia is evident at 5% CUMPCD. We had previously found a similar discriminate for CUMCPD in validating a more complex breath test against genotype (20) . Of the 24 patients who participated in the outcomes analysis for verbal dyspraxia, 13 had dyspraxia and fell below the 5% cutoff. Thus, we continued to stratify patients as Ͻ5% CUMPCD or Ն5% CUMPCD on the basis of this empiric observation in subsequent outcomes analysis.
Twenty-eight of the 42 patients with galactosemia had CUMPCD values of Ͻ5% at 120 min after bolus administration. Mutations that produced this degree of impairment in galactose oxidation included Q188R, 5-kb deletion, K285N, Y209C, V151A, L358X, L195P, E308 K, R204X, and IVS-F. All of these mutations produce severe impairment of the hGALT enzyme (3, 27) . In contrast, "leaky" mutations that impaired total body galactose oxidation to a lesser degree included S135L, F171S, D113N, E203 K in cis with N314D, T138M, S293F, D98N, and H321Y (Table 1 ). These leaky mutations may produce absent erythrocyte hGALT but have residual in vivo or in vitro activity (3, 5, 18, 19, 27) .
Patients with CUMPCD values Ͻ5% at 120 min also had significantly less galactose oxidation to CO 2 at 90, 100, and 110 min than controls. Normal individuals and patients with CUMPCD values Ͼ5% did not differ significantly from one another at any time point (data not shown).
Four normal adults underwent multiple breath tests to estimate the inter-and intraperson variability of the test and the stability of the test results with increasing age. Two normal subjects had two tests each with 1.5 y elapsing between administration of the first and the second tests. The other two normal subjects underwent three rounds of testing, with each test separated by 1-2 mo. The overall variance for the breath test was Ϯ4.08 with 19.8% of the variance as a result of intraperson variability. This sample, composed only of adults, was insufficient for statistical analysis of an age effect on breath test results.
We assessed the impact of the oral bolus on metabolite levels and observed small increases from baseline to 120 min for erythrocyte galactose-1-phosphate and urinary galactitol concentrations. These increases were not considered clinically significant and promptly reverted to baseline over 12 h (data not shown).
Twenty-four patients with galactosemia participated in the outcomes analysis for verbal dyspraxia. Their demographic and biochemical parameters were generalized in Table 2 . Of these patients, 15 were dyspraxic. Seventy percent were white, and roughly half were male. Mean CUMPCD was 6.10 Ϯ 7.69%. Fifteen of the 24 patients had values Ͻ5%. Average mean erythrocyte hGALT activity was 0.33 Ϯ 0.69 pmol of UDP 14 C-Gal/g Hbg Ϫ1 /min Ϫ1 . Average highest erythrocyte galactose-1-phosphate was 63.8 Ϯ 72.3 mg/dL. Data for highest galactose-1-phosphate was not available for five patients. Average erythrocyte galactose-1-phosphate concentration was 2.83 Ϯ 1.28 mg/dL, and average mean urinary galactitol was 166 Ϯ 76.2 mmol/mol creatinine.
We characterized these biochemical parameters among the 24 patients with galactosemia with regard to the presence or absence of dyspraxia (Table 3) . Of the 15 patients with dyspraxia, the average CUMPCD value was 2.84 Ϯ 5.76%. This value was significantly lower than the CUMPCD of patients without dyspraxia (CUMPCD ϭ 11.51 Ϯ 7.67%; p ϭ 0.008). Both mean erythrocyte galactose-1-phosphate concentrations and mean urinary galactitol excretion were significantly higher among patients with dyspraxia (p Ͻ 0.05). However, patients with dyspraxia did not differ significantly in GALT activity or highest galactose-1-phosphate concentration from patients with normal speech.
We evaluated the relationship among the five potential biochemical parameters that might affect dyspraxic outcome. Highest galactose-1-phosphate and erythrocyte hGALT activ- correlation existed between mean urinary galactitol and mean erythrocyte galactose-1-phosphate (r ϭ 0.560, p Ͻ 0.005; data not shown). On the basis of the lack of significance and correlation for highest galactose-1-phosphate and hGALT activity, we eliminated these variables from further risk analysis.
We investigated the best exposure values for CUMPCD, mean galactose-1-phosphate, and mean urinary galactitol for predicting the presence or absence of verbal dyspraxia (Table  4) . For CUMPCD, 5% was chosen as the cutoff point for predicting dyspraxia as this value achieved the greatest balance of sensitivity and specificity as indicated by the highest correct score (sensitivity ϭ 86.7, specificity ϭ 77.8, correct score ϭ 83.3). For mean erythrocyte galactose-1-phosphate concentrations, the greatest balance for sensitivity and specificity for predicting dyspraxia was observed at the 2.7 mg/dL cutoff level (sensitivity ϭ 84.6, specificity ϭ 66.7, correct score ϭ 79.2). This value is lower than a previously used level of 3.28 mg/dL (10) . In this study, we found the 3.28 mg/dL cutoff to have a lower sensitivity (40%) and decreased correct score (54.2) for dyspraxic outcome, although specificity did increase slightly to 77.8 (data not shown). Interestingly, all patients with CUMPCD values Ͻ5% had mean galactose-1-phosphate concentrations Ͼ2.7 mg/dL. A cutoff for urinary galactitol at 135 mmol/mol creatinine level achieved the highest overall correct score for this variable (correct score ϭ 70.8 sensitivity ϭ 80.8, specificity ϭ 55.6) and was used as the cutoff point in risk assessment.
As seen in Table 4 , CUMPCD values Ͻ5% were strongly and significantly associated with risk for dyspraxic outcome after controlling for confounders [adjusted OR ϭ 21.1 (1.68, 265)]. We observed a strong association with dyspraxic outcome for both mean galactose-1-phosphate levels Ͼ2.7 mg/dL and urinary galactitol Ͼ135 mmol/mol creatinine. However, only mean galactose-1-phosphate was significant after controlling for confounders. These data indicate that the breath test was the most sensitive, specific, and strongly associated predictor of verbal dyspraxia among this galactosemic population.
DISCUSSION
Here we confirm that, using only four time points, a simplified 2-h breath test is a reproducible and noninvasive method by which to measure total body oxidation of galactose in patients with galactosemia. Patients with total body galactose oxidation of Ͻ5% included individuals with two mutant alleles known to impair all hGALT activity. These included Q188R, K285N, and the 5-kb deletion seen in the Ashkenazi population (3, 27) . Conversely, when "variant" G alleles were present, the CUMPCD was Ն5%. These variant mutations included the S135L and T138M alleles, which alter hGALT stability without ablating the catalytic site of the protein (3, 18, 19) .
The breath test was the best predictor of dyspraxia among the five biochemical parameters compared (Tables 3 and 4) . Highest erythrocyte galactose-1-phosphate concentrations and erythrocyte GALT activity neither correlated with other biochemical parameters nor were significantly different between patients with dyspraxia and those with normal speech. By comparison, the CUMPCD, mean erythrocyte galactose-1-phosphate, and mean urinary galactitol all predicted dyspraxic outcome, with CUMPCD having the greatest overall sensitivity, specificity, and associated risk.
Using the Apraxia Profile, we found dyspraxia to have a prevalence of~65% among this population of patients with galactosemia. Bias toward individuals with dyspraxia is a problem in a study such as this one, as patients with speech problems may be more willing to undergo testing. However, the prevalence of dyspraxia in our study was consistent with the prevalence observed in other studies; thus, we do not believe that selection bias was a significant issue (10, 14) . A search for early biochemical predictors is significant to dyspraxia in that early detection of this speech problem provides a basis for early intervention and treatment (28) . Diagnosis and further evaluation of children with galactosemia before the development of volitional speech will aid physicians and parents in assessing a child's risk for dyspraxia and thus enable proper interventions. Studies by Waggoner et al. (7) indicated that the diminished IQ and DQ scores seen in some patients with classical galactosemia were associated with verbal ability. Therefore, preventing poor academic performance with proper interventions for dyspraxia at an early age will allow patients to participate in normal mental and behavioral development. Two patients in this study supported this notion. They had significantly impaired speech at ages 2-3 y but returned normal Apraxia Profiles as adolescents after years of intensive speech therapy. Both had CUMPCD values Ͻ5%.
Elevated mean erythrocyte galactose-1-phosphate levels are associated with dyspraxic outcome (10) . In this study, we found that values exceeding 2.7 mg/dL were strongly associated with dyspraxic outcome, and this association was significant despite a small and highly variable sample size (Table 4) . CI, confidence interval; PPV, positive predictive value; NPV, negtive predictive value. * Unadjusted OR and CI were obtained by logistic regression in which dyspraxia as a yes or no outcome was modeled against the variable of interest which was coded as exposed or unexposed.
† Adjusted OR and CI were calculated using a logistic regression model controlling for hGALT activity, race, sex, and age at speech evaluation. ‡ Sensitivities, specificities, correct scores, NPV, and PPV were calculated using SASSensit version 8.0.
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The association of increased intracellular galactose-1-phosphate with dyspraxic outcome may have a biochemical mechanism because galactose-1-phosphate competitively inhibits UDP-glucose pyrophosphorylase (hUGP2) (29, 30) . Thus, intracellular accumulation of galactose-1-phosphate may reduce intracellular UDP-galactose (UDP-gal) and UDPglucose (UDP-glu) or alter their ratios, and impair synthesis of glycolipids, glycoproteins, and glycogen. Galactitol accumulation in lens fibers is associated with cataract formation in human galactokinase and hGALT deficiencies (2, 31, 32) . Galactitol is produced from excess Dgalactose by aldose reductase, when intracellular concentrations of D-galactose exceed the capacity of hGALT or human galactokinase (33) . Because galactitol is not further metabolized, it accumulates in cells, produces osmotic effects that alter selective cell permeability, and consequently promotes cell death. Age-and treatment-dependent ranges for urinary galactitol excretion in patients with galactosemia have been determined (34) . Patients with poor dietary control excrete higher concentrations of urinary galactitol than compliant galactosemics (8000 -69,000 mmol/mol creatinine versus 45-900 mmol/mol creatinine). The range for compliant galactosemics, however, still exceeds that of normal controls (96 -170 mmol/ mol creatinine). In this study, we established that urinary galactitol excretion exceeding 135 mmol/mol creatinine was a strong though nonsignificant biologic parameter associated with dyspraxic outcome. It should be noted that this risk indicator was not as strongly associated with dyspraxic outcome as CUMPCD values Ͻ5% or mean erythrocyte galactose-1-phosphate concentrations Ͼ2.7 mg/dL (Table 4) .
One clinical conundrum is that galactokinase deficiency produces increased galactitol production and cataract formation but not hepatotoxicity or neurologic impairments (2). However, there are many hypothetical mechanisms by which elevated galactitol, in association with other insulting analytes, could be a neurotoxin (35) (36) (37) (38) (39) . Galactitol reduced the antioxidant potential of cells and the glutathione redox potential (35, 36) . Galactitol accumulated in the brain of children with galactosemia and was associated with neurotoxicity (36 -39) . Therefore, galactitol accumulation alone may not cause brain damage, as evidenced by galactokinase deficiency. However, in association with hGALT deficiency, galactose-1-phosphate accumulation, and altered UDP-gal/UDP-glu ratios, elevated galactitol is an important factor that increases the probability of developing dyspraxia (Table 4) .
Aberrant glycosylation and galactosylation of macromolecules, including complex carbohydrates (40) , folliclestimulating hormone and follicle-stimulating hormone receptors (41), serum transferrin (42) , and brain glycolipids (43) , have been observed in patients with classical galactosemia and implicated in the long-term reproductive and neurologic sequelae. Proper posttranslational processing of glycolipids and glycoproteins requires regulated concentrations of UDPhexoses (44) . Several studies have demonstrated that patients with classical galactosemia have significantly altered concentrations and ratios of UDP-gal and UDP-glu in erythrocytes (45, 46) . Although quantification of these compounds was beyond the capabilities of this study, it would be interesting to assess UDP-gal and UDP-glu and correlate these analytes with CUMPCD and mean erythrocyte galactose-1-phosphate. One could postulate that individuals with less severe impairment of hGALT activity and, thus, residual, hepatic hGALT activity could metabolize some galactose-1-phosphate, reduce galactose-1-phosphate concentrations, decrease the inhibitory effects on hUGP2, and enable continued production of UDP-glu. hUGP2 and epimerase become critical enzymes in hGALT deficiency as they are required to maintain UDP-glu and UDP-gal levels when hGALT cannot produce adequate amounts of UDP-gal (2) .
Understanding galactose and uridylhexose homeostasis in biologic systems remains a fundamental challenge. In the interim, in patients with galactosemia, total body galactose oxidation, mean erythrocyte galactose-1-phosphate, and mean urinary galactitol are associated with the development of dyspraxic speech. Further research into the biochemical mechanisms underlying the development of normal and abnormal speech is needed to elucidate the contributing role of these factors to this outcome.
